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The astonishing density of microbes in the mammalian gut has raised numerous questions, including how
such colonization is tolerated in an immunocompetent location. Clearly the organisms perform a beneficial
role, but until now the mechanisms have been less than clear. In a recent study in Nature, Mazmanian
et al. (2008) reveal the ability of specific moieties on the surface of Bacteroides fragilis to direct the host’s
immune response.Traditional scientific investigation of
microbes largely has focused on their
pathogenic aspects and the action of the
host immune system upon them. In recent
years there has been a rapid growth in
evidence revealing beneficial roles for
microbes in their mammalian hosts, from
the regulation of allergy proposed in the
hygiene hypothesis (Strachan, 1989) to
the regulation of inflammation suggested
by the association of inflammatory bowel
disease with altered gut flora (O’Hara &
Shanahan, 2006). Despite this new under-
standing, the interaction between the
mammalian gut and its resident microbes
is largely visualized as a one-way interac-
tion in which the host immune system
suppresses the untoward effects of mi-
crobes. Work using experimental animals
raised in sterile conditions has revealed
that this interaction is in fact bidirectional,
with the resident flora profoundly influ-
encing the host’s normal development
and function (reviewed in Ley et al.,
2006). In addition, despite the innumera-
ble and innumerably diverse microbes
encountered in the lifetime of a mammal,
the vast majority of gut flora consists of
members of just 3 of the 55 known divi-
sions of bacteria (Ba¨ckhed et al., 2005).
This observation suggests that there
has been specific selection for commen-
sals and has led to hypotheses of symbi-
osis and coevolution of mammals and
microbes (reviewed in Ley et al., 2006).
Medzhitov and colleagues (Rakoff-
Nahoum et al., 2004) helped define a ben-340 Cell Host & Microbe 3, June 2008 ª2008eficial role for gut flora by revealing that
functional Toll-like receptor recognition
of gut flora by the host immune system
is required to prevent gut pathology.
Also in 2004, Kasper and colleagues
described a specific zwitterionic polysac-
charide called polysaccharide A (PSA)
from the cell surface of Bacteroides
fragilis that is processed by antigen pre-
senting cells, such as dendritic cells, and
presented to CD4 T cells via major his-
tocompatibilty complex (MHC) class II
proteins (Cobb et al., 2004). Importantly,
B. fragilis PSA was found to be crucial
in influencing the host’s immune function
by promoting the normal development of
splenic CD4 T cells. Colonization of
germ-free mice with B. fragilis or adminis-
tration of purified PSA corrects the splenic
architecture typically impaired in these
mice, resulting in improved follicle size
and organization (Mazmanian et al.,
2005). These studies of B. fragilis took
the field beyond proposing the ability of
microbes to influence host function to re-
vealing a specific moiety on the surface of
the microbe capable of doing so.
In a recent study in Nature, Mazmanian
et al. (2008) expand on their previous
work on the interaction of B. fragilis and
the immune system. Mazmanian and col-
leagues support their proposition of a
symbiotic relationship between host and
microbe by defining an immunomodula-
tory role for colonizing B. fragilis. The
CD4 T cell defect observed in germ-free
mice was found to be due to a reductionElsevier Inc.in the population of CD4+CD45Rblow T
cells. These cells are known to be protec-
tive in a number of inflammation models,
while CD4+CD45Rbhigh T cells are respon-
sible for pathology. Monocolonization of
germ-free mice with B. fragilis expressing
PSA was sufficient to restore the propor-
tion of CD4+CD45Rblow T cells in the
T cell population.
Since CD4+CD45Rblow T cells have
been shown to be protective in murine
models of inflammation, could B. fragilis
mediated modulation of CD4+CD45Rblow
T cell populations result in protection of
the host from certain inflammatory dis-
eases? To answer this question, the au-
thors usedamurinemodel of colitis relying
on adoptive transfer of CD4+CD45Rbhigh T
cells intoRag/mice followedbycoloni-
zation of the mice with the opportunistic
pathogen Helicobacter hepaticus (Maloy
et al., 2003). Intriguingly, theauthors found
that Rag/ mice cocolonized with wild-
type B. fragilis developed significantly
less severe colitis compared to mice
colonized with H. hepaticus alone. How-
ever, if the cocolonizing B. fragilis did not
express PSA, the mice were as suscepti-
ble to colitis as those receiving only the
pathogenic bacteria. The protective effect
of B. fragilis colonization was associ-
ated with amelioration of proinflamma-
tory cytokine production. Importantly,
the protective effects of B. fragilis colo-
nization could be recapitulated using
purified PSA administered to the mice
by oral gavage.
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litis induced by the rectal administration
of trinitrobenzene sulphonic acid (TNBS),
the authors again showed reduced co-
lonic pathology following treatment with
purified PSA. PSA treatment was associ-
ated with elevated production of the anti-
inflammatory cytokine interleukin-10 (IL-
10) by CD4 T cells in themesenteric lymph
nodes. This effect was confirmed in vitro
by stimulation of bone marrow-derived
dendritic cells and naive CD4 T cells with
purified PSA. The cocultured cells’ re-
lease of the inflammatory cytokine TNFa
in response to H. hepaticus was blocked
by addition of PSA, but this block in turn
was abrogated by an IL-10 blocking
antibody, suggesting that the protective
effect of PSA is due in large part to
induced IL-10 production. The role of
IL-10 in mediating the protective effects
of PSA was confirmed by adoptive trans-
fer of IL-10-deficient CD4+CD45Rbhigh T
cells into Rag/ mice followed by colo-
nization of the mice with H. hepaticus
with or without PSA. In the absence of
IL-10, PSA was no longer able to protect
the mice from developing colitis. It re-
mains to be seen exactly howPSA shapes
the CD4 T cell response; an interesting
question remaining to be evaluated is if
the protective, PSA-induced, IL-10-pro-Paradoxical Roles
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Surviving an infection requires the genera-
tion of an appropriate immune response
in which effector responses are preservedducing CD4 T cells express the regulatory
T cell marker Foxp3.
The significance of this study is best
seen in association with this group’s
previous work (Mazmanian et al., 2005).
Conceptually, these studies support the
idea of coevolution of host and microbe
and the resultant symbiosis between the
two. New studies will be needed to evalu-
ate the multitude of commensal organ-
isms with which we live. It is likely that
other commensal organisms are also
capable of shaping the host’s immune
system, each in organism-specific ways.
Furthermore, it will be important to deter-
mine if B. fragilis plays a similar immuno-
modulatory role within the human intes-
tine as compared to the mouse intestine.
Are inflammatory bowel diseases, such
as Crohn’s disease, associated with a
reduction in B. fragilis colonization? The
possibility that the anti-inflammatory
properties of B. fragilis colonization or
administration of purified PSA could be
used as a therapeutic intervention for
human inflammatory bowel diseases is
an exciting area for further exploration.
REFERENCES
Ba¨ckhed, F., Ley, R.E., Sonnenburg, J.L., Peter-
son, D.L., and Gordon, J.L. (2005). Host-bacterialof
ring Infection:
o Regulators
asitic Diseases, National Institute of Allergy and
oom 4/126, Bethesda, MD 20892, USA
n factor Foxp3 have been shown to
nce, Lund et al. support the idea th
e effector site and therefore positivel
while tissue damages are controlled. Such
control is tightly adapted to a given micro-
environment and requires a regulatory net-
Cell Host & Mimutualism in the human intestine. Science 307,
1915–1920.
Cobb, B.A., Wang, Q., Tzianabos, A.O., and
Kasper, D.L. (2004). Polysaccharide processing
and presentation by the MHCII pathway. Cell
117, 677–687.
Ley, R.E., Peterson, D.A., and Gordon, J.I. (2006).
Ecological and evolutionary forces shaping micro-
bial diversity in the human intestine. Cell 124, 837–
848.
Maloy, K.J., Saloun, L., Cahill, R., Dougan, G.,
Saunders, N.J., and Powrie, F. (2003).
CD4+CD25+T(R) cells suppress innate immune
pathology through cytokine-dependent mecha-
nisms. J. Exp. Med. 197, 111–119.
Mazmanian, S.K., Liu, C.H., Tzianabos, A.O., and
Kasper, D.L. (2005). An immunomodulatory mole-
cule of symbiotic bacteria directs maturation of
the host immune system. Cell 122, 107–118.
Mazmanian, S.K., Round, J.L., and Kasper, D.L.
(2008). A microbial symbiosis factor prevents
intestinal inflammatory disease. Nature 453,
620–625.
O’Hara, A.M., and Shanahan, F. (2006). The gut
flora as a forgotten organ. EMBO Rep. 7, 688–693.
Rakoff-Nahoum, S., Paglino, J., Eslami-Varzaneh,
F., Edberg, S., and Medzhitov, R. (2004). Recogni-
tion of commensal microflora by toll-like receptors
is required for intestinal homeostasis. Cell 118,
229–241.
Strachan, D.P. (1989). Hay fever, hygiene, and
household size. BMJ 299, 1259–1260.Infectious Diseases,
limit immune responses against
at these cells can also coordinate
y contribute to protective immunity.
work that constantly sense and readjust
local homeostasis. Various populations
of regulatory cells, including T cells
crobe 3, June 2008 ª2008 Elsevier Inc. 341
